Appropriate management strategies are essential for the protection and maintenance of groundwater resources. It is therefore important that aquifers are understood in terms of hydraulics, recharge, and yield potential, and that the vulnerability of aquifers to surface pollution is evaluated. A range of aquifer types were examined in this study, and water samples were analyzed for the radiocarbon content of the total dissolved inorganic carbon (TDIC), stable isotopes, and a suite of chemical and physical parameters. The data were input to a selection of models for the estimation of the initial activity of the TDIC, and groundwater ages were calculated. Eight commonly used models were comparatively assessed in the study. The Tamers, Mook, and IAEA models gave anomalous ages, probably because of their inability to correct for solid phase isotopic exchange in aquifers. The Pearson, F&G, Evans, Eichinger, and Mass Balance models produced results in broad agreement.
INTRODUCTION The Importance of Groundwater Resources
Traditionally, groundwater from shallow wells supplied most rural farms and villages in Ireland. Many of these groundwater sources were abandoned with the arrival of mains water, which currently supplies over 90% of the population. Mains supplies are largely surface water, stored in reservoirs, and requiring chemical treatment prior to distribution. In contrast, most groundwaters emerge from the source as potable waters, devoid of bacterial pathogens and not requiring chemical treatment. The excellent quality and abundance of our groundwaters has led to the development of a sizeable industry that now produces bottled water for export world-wide. However, few data exist concerning the duration of groundwater storage, and no previous work on groundwater dating has been carried out in Ireland.
In this work we sample two distinct aquifer systems and carry out detailed radiometric and chemical analyses. We describe and apply hydrological models to estimate the age of groundwaters based on chemical and isotopic data. A comparative evaluation of these models is then carried out using the data, and we run a sensitivity analysis on the models examining output differences resulting from variations in important analytical parameters.
C Groundwater Dating
Radiocarbon age calculations are based upon the assumption that the initial activity of the material to be dated was 100% of modern CO 2 activity (100 pMC). This assumption is generally good for material of organic origin (wood, peat, bone, etc.) . However, the 14 C age of groundwaters is that of the total dissolved inorganic carbon (TDIC) which, more often than not, has an initial activity far from 100 pMC. The TDIC has two main sources: carbon derived from the soil zone, and less active (or even "dead") carbon derived from solid carbonate in the soil and aquifer matrix. The initial activity, A o , is derived from a combination of the two sources and is defined as the 14 C content after all chemical and isotopic processes have taken place and before any decay (Wigley 1975) . In order to estimate A o , the use of a model is required.
Active CO 2 may reach the water table in several ways, including dissolution of CO 2 from root respiration, decay of organic matter and direct diffusion from the atmosphere through the unsaturated zone. Under normal geochemical conditions, the main source is soil CO 2 , which dissolves largely without reaction; carbonic acid is formed only in small quantities:
(1)
Since the concentration of H 2 CO 3 is difficult to measure, the right-hand side of the above equation is often grouped in a composite parameter (Lloyd and Heathcote 1985) , which is effectively the total dissolved CO 2 and is defined by:
(2) Where groundwater is in contact with solid carbonate deposits, dissolution of the carbonates takes place through a reaction with carbonic acid. The reactions with calcite, the most common carbonate, can be considered typical. Two reaction schemes of importance when dating groundwater are:
1. the reaction of water with soil zone CO 2 in the absence of calcite followed by the solution achieving equilibrium with calcite out of contact with the gaseous CO 2 reservoir, and 2. the three-phase equilibrium between solution, soil zone CO 2 , and soil zone calcite.
Scheme 1 describes the dissolution of CO 2 under open system conditions (i.e., the partial pressure of CO 2 is constant), followed by the dissolution of calcite under closed system conditions (i.e., out of contact with CO 2 gas), which can be represented by Equation 3. This reaction scheme is described as closed system dissolution, although the complete reaction is a two-stage process involving both open and closed steps.
(3) Scheme 2 is represented by Equation 4 and is described as open system dissolution. Most natural waters fall somewhere between the two schemes.
(4) Models attempt to account for the dilution of 14 C by less active carbon and for isotopic exchange reactions which may take place between the different carbon-bearing chemical species. Reactions 1, 2, and 3 (summarized in a more complete form in Equation 5) describe how CO 2 , produced by the decomposition of organic material in the soil or by root respiration in the unsaturated zone, can dissolve carbonates, thus diluting the 14 C content of the TDIC. 
. a and b are the concentrations of the dissolved CO 2 and HCO 3 -, respectively. This process is by far the predominant source of dissolved inorganic carbon in groundwater, however, other sources may have to be taken into account in specific situations (Mook 1980) . Isotopic exchange reactions, while not affecting the average dissolved carbon content of the water, can change the 14 C content of the dissolved bicarbonate. Isotopic exchange between gaseous CO 2 and dissolved bicarbonate (HCO 3 -) in the unsaturated region increases the 14 C content of the TDIC:
On the other hand, isotopic exchange between the bicarbonate and solid carbonate phase decreases the 14 C content:
SAMPLING AND METHODOLOGY
Site Geology
Northeastern Ireland has a very compact and diverse range of solid geology, Quaternary deposits, and soil types ( Figure 1 ). The sites studied in this project were selected from two distinct geological contexts: It is known that the Permian Sandstone, which reaches a thickness of 50-70 m beneath the Lagan Valley, has a typical transmissivity of 100 m 2 d -1 and storativity (coefficient of storage) of 2´10 -4 (Bennett 1975) . The Triassic Sherwood Sandstone is 270-300 m thick and is separated from the Permian Sandstone by 50-60 m of Permian marls. The Sherwood Sandstone exhibits transmissivity values of typically 130 m 2 d -1 with storativity of 2´10 -3 (Bennett 1975) . Above the Sherwood Sandstone lies the Mercia Mudstone. The Triassic aquifer is almost entirely concealed by till, whereas the Sherwood Sandstone is mostly concealed by late-glacial sand, gravel and riverine alluvium, with till below. Due to the low hydraulic conductivities measured for the glacial till, it might be assumed that this source is responsible for only a small component of the total recharge (Kalin and Roberts 1997) . However, recharge mechanisms and sources of groundwater in the aquifers have not been investigated in detail.
Cretaceous Chalk (known as the Ulster White Limestone Formation) occurs along the northeast coast and in a number of inland regions around Lough Neagh. The chalk is mostly concealed by overlying Palaeogene basalt lavas (the hexagonally fractured Giants Causeway is a famous outcrop). Numerous springs emerge from the base of the chalk at its contact with the relatively impermeable underlying strata. Boreholes that penetrate the chalk through the basalt are relatively few in number because of the considerable thickness of the basalt, although two such locations were sampled as part of this study. Recharge to the chalk occurs predominately from surface water by point recharge via sinking streams at the basalt-chalk contact. Recharge via the basalt is said to be a minor component to the overall water budget in the chalk (Barnes and Worden 1998; Barnes 1999) . Groundwater samples from springs in the chalk aquifers were also examined during the course of this work.
Sampling
Between 25 and 75 L of water, depending on the total dissolved inorganic carbon (TDIC) content, were used in each 14 C analysis. Samples were taken and stored in clear plastic 25 L carboys with airtight caps to avoid evaporation and exchange with carbon in the atmosphere. Before filling, the carboys were thoroughly rinsed using the water source that was to be sampled. They were then completely filled, with care taken to minimize exposure of the samples to the atmosphere and to exclude air when sealing the samples. Where possible, the carboys were filled from a hose placed in the bottom of the container, and the container was allowed to overflow until the initial content was entirely flushed. Additional water samples were taken at each site for complementary analyses: 2.5 L for chemical analysis, 0.5 L for d 13 C analysis, and 0.5 L for stable isotope analysis. The samples were sealed and transported back to the laboratory for chemical treatment.
The first step in the chemical treatment requires the precipitation of carbonates dissolved in the water samples. Carbonate-free NaOH was added to adjust the pH of the water sample to approximately 12. Once the NaOH was well mixed through the sample and the pH correct, excess BaCl 2 · 2H 2 O was added to precipitate the TDIC. The carboy was sealed tightly and the contents agitated to ensure complete mixing. The BaCO 3 precipitate was allowed to settle for several hours before it was transferred to a round-bottomed reaction flask. This was fitted to a vacuum line and evacuated in preparation for reaction with HCl for CO 2 production and subsequent benzene synthesis (O'Donnell 1997).
Liquid Scintillation
The 14 C activity of the synthesized benzene was measured using liquid scintillation counting (LSC) on a Packard Tri-Carb 2770 TR/SL in low 40 K, borosilicate glass vials with brass lids, Teflon liners and indium foil (0.25 mm thick) seals. A scintillation cocktail containing 3.0 mg of butyl-PBD and 3.0 mg of bis-MSB per gram of benzene was used. Reagent blank benzene samples were synthesized from a high purity, ancient calcium carbonate. The contemporary standard was synthesized from the NBS oxalic acid 14 C standard (SRM-4990). Vials were stored in a freezer for at least three weeks before counting.
Hydrochemical Models
Hydrochemical models have been developed to correct for aspects of the mixing and isotopic reactions involving the TDIC in groundwater. Table 1 lists and briefly describes the models assessed in this project. The parameters required to calculate the output of each model and some of the limitations of the models are also presented. The mathematical form and a more detailed description of each model can be found in Fontes (1992) . Table 2 lists the notation assigned to each of the model input parameters.
Where possible, we measured the values of the parameters used in the models applied in this study for each individual groundwater system under investigation. However, it was not feasible to measure all the necessary parameter values. In such cases, we used estimates based on previous studies (Table 3) . All of the Permo-Triassic sites were boreholes, and water samples from these locations gave pMC values which were higher than the two deeper boreholes to the Cretaceous aquifers (45.72-80.17%), but generally lower than values for springs along the basalt/chalk interface.
RESULTS AND DISCUSSION
The isotopic data of Table 4 and chemical data of Table 5 were input to the models previously described in order to estimate the initial activity of the TDIC (A o ). Model output results are presented in Table 6 . In order to compare the overall performance of the models, a mean initial activity value for each of the models was calculated by pooling data for all of the Permo-Triassic sites. The procedure was then repeated for model predictions by pooling data for all Cretaceous sites. Figure 3 graphically presents these results.
The Mook and IAEA models are clearly demonstrated to grossly overpredict the initial activity of the TDIC. These models are specifically designed to account for isotopic exchange with the gas Vogel and Ehhalt (1963) ; c Tamers (1967) ; d Ingerson and Pearson (1964) ; e Mook (1980) ; f Fontes and Garnier (1979); Fontes (1983 Fontes ( , 1992 ; g Salem et al. (1980) ; h Evans et al. (1979) ; i Eichinger (1983) ; j Plummer (1977 phase and the excessive pMC values (ranging from 157 to 504% for Mook and 116 to 167% for IAEA) indicate that solid phase exchange dominates the systems. These models were, therefore, deemed unsuitable in the scenarios under investigation.
There is close agreement between A o estimates from the Pearson, F&G, Evans, and Mass Balance models, while the Eichinger model produces results which are marginally lower. The Pearson model has been shown in other studies to account for incomplete isotopic exchange processes (Fontes and Garnier 1979) and in this study gave results which are in good agreement with models more specifically designed to deal with isotopic exchange with the solid phase. The Evans model is one such model and appears to give reasonable results for our data.
When calculating the F&G model, the k (F&G) value (Fontes 1992) initially indicated that gas phase exchange dominated the systems under investigation (with the exception of the Aughrimderg site). This finding is at variance with the other models, which predict that solid phase exchange dominates the systems. Repeating the calculation, this time correcting for solid phase isotopic exchange, produces results that are in much closer agreement with the other models.
The Mass Balance model uses extensive water chemistry and isotopic data to identify the main reactions affecting the chemical evolution of the water. It provides the most complete analysis of all the models and, therefore, one might assume, produces the best estimates for the initial activity. Nevertheless, the results of the Pearson, F&G, Evans, and Eichinger models for the Permo-Triassic sites closely correspond with the Mass Balance estimates.
The Tamers model generally gave the lowest estimates of all the models. It is known that this model does not correct for isotopic exchange and that it may produce unreliable results when exchange reactions become significant (Fontes 1992) . Our data are in broad agreement with the validation studies of Garnier (1979), and Fontes (1992) in highlighting the need for detailed hydrochemical and hydrogeological knowledge of a groundwater system before selecting an appropriate model.
Age Estimations
Initial activities were estimated using the models and the ages of the waters calculated:
where t 1/2 is the 14 C half-life (5730 yr) and A T is the measured activity of the TDIC as a pMC. Table 7 presents age estimates for all sites corresponding with the pMC data of Table 6 . The age values for water samples taken from the Permo-Triassic aquifers range from "post-bomb" or modern (Gillilands borehole) to approximately 3500 BP (Lee Jeans borehole). Water samples from the Cretaceous aquifers, range from "post-bomb" for all spring sources to approximately 16,500 BP for the Clendinnings borehole. Both boreholes in the Cretaceous Chalk yielded water samples that were clearly ancient. Despite the higher 14 C activity of the Clendinnings sample relative to the Aughrimderg sample, the models indicate that the water from the former is older. However, d 18 O analysis of the Clendinnings water gave a value of -6.8‰ with respect to SMOW 3 (standard mean ocean water), a value indicative of postglacial times (see Fontes and Garnier 1979) . The d 18 O value suggests that the water is certainly younger than 15,000 yr old and probably younger than about 12,000 yr old. Further isotopic and chemical analyses of the waters and substrates are necessary to resolve the apparent inconsistency. Similarly, the d 18 O measurement for the Aughrimderg site (-7.3‰ with respect to SMOW) suggests an age of less than 12,000 yr, which, in this case, is consistent with the age estimates derived from the models.
Springs in the Cretaceous Chalk were shown to yield waters that were modern or "post-bomb". These data are in good agreement with the work carried out by Barnes (1999) in which groundwater was shown to have rapid recharge and flow in the Cretaceous Chalk areas along the northeast coast of Northern Ireland.
Sensitivity Analysis
Sensitivity analysis was carried out to investigate variations in model output arising from changes in the values of parameters used in the models. All models were first run using an initial set of parameter values (Table 8) . A single parameter was then selected and its initial value was changed by either +2s or to the upper extreme value from the literature ( Table 3) . All other parameters were maintained at their initial values. The output of each model was calculated. The same parameter was then varied by either -2s from its initial value or to the lower extreme value from the literature, and the output recalculated. A comparative evaluation of the sensitivity of the models to input parameter variations was carried out and calculated as: (9) where R max and R min are the outputs for the two calculations and R max > R min .
A value of 0 indicates that the model is not sensitive to the parameter change, while a value approaching 1 indicates the model is highly sensitive to the parameter change. This procedure was repeated for each parameter in turn, and the results are presented in Table 9 .
The analysis clearly shows that the most sensitive parameters controlling model output values are the 13 C content of the TDIC, soil CO 2 and solid carbonates: d g > d c > d T (in order of decreasing sensitivity). The Mook model showed exceptional sensitivity to all parameters relative to the other models. This is probably related to the fact that this model is specifically designed to correct for gasphase exchange, while the fixed parameter values used in our analysis were more characteristic of a solid-phase exchange system. For the same reason, the S value for d c of the Mook model returned a value greater than unity. 
Error Analysis
Error analysis was conducted on the Pearson, F&G, Evans, and Eichinger models. As shown above, these models are very sensitive to changes in the d 13 C values for the solid carbonates (d c ), soil CO 2 (d g ), and total dissolved inorganic carbon (d T ). With this in mind, the errors on the 14 C ages were estimated using combinations of the upper and lower limits of these values (Table 3 ) and the maximum potential age range for each sample was estimated. The error in measuring the pMC was presumed negligible relative to the error in calculating A o from the models. As Figure 4 shows, the uncertainties in the ages are in some cases greater than the age itself, demonstrating the imprecision associated with the application of these procedures. The uncertainties could undoubtedly be reduced with a better knowledge of the groundwater system. In particular, d g and d c could be measured instead of being estimated, and thereby more tightly constraining the age.
CONCLUSION
Data for waters from Permo-Triassic and the Cretaceous Chalk aquifers were input to a range of models, and ages of groundwaters were estimated. Eight models were applied in our study, and the work includes a comparative examination of their relative merits. Results indicate that the Tamers, Mook, and IAEA models gave anomalous ages because of their inability to correct for solid-phase isotopic exchange (which appeared to be the dominant exchange mechanism at all locations).
Despite differing approaches to model derivation, the Pearson, F&G, Evans, Eichinger, and Mass Balance models produced results that were in broad agreement for all waters samples.
The analysis revealed that water taken from boreholes tended to be older than that from spring wells. Despite the apparent rapid throughput one might associate with an exceptionally wet climate, our work shows that there are sources of ancient groundwater in Ireland. A borehole in County Tyrone produced water dating to between 7000 and 14,000 BP. Another in County Armagh yielded water that dated to between 14,000 and 18,000 BP. However, stable oxygen isotopic analysis (d 18 O) suggests that this is an overestimate of the age of the water and points to an upper age limit of about 12,000 yr. Water samples from boreholes in Permo-Triassic substrates returned dates between around 800 to 4000 BP.
Of all the sites investigated, the spring wells along the chalk-basalt boundary of the northeast Antrim coastline show the most rapid recharge and flow, and, hence, the greatest potential for contamination from surface runoff. Many samples from these locations produced negative ages, indicating the presence of 14 C derived from atmospheric testing of nuclear weapons.
Error analysis was carried out on the Pearson, F&G, Evans, and Eichinger models for all sites to account for uncertainties in the d 13 C values used in calculating the models. Sensitivity analysis showed the models to be most susceptible to changes in the d 13 C values for the solid carbonates (d c ), soil CO 2 (d g ), and TDIC (d T ).
Our data demonstrate the considerable uncertainty associated with estimating the age of groundwaters using 14 C-based methodologies. Despite the inexact nature of the technique, in many circumstances it is the only means of groundwater dating. However, this is a relatively new discipline in which we model complex chemical interactions, and most of the models demand extensive knowledge of aquifer geochemistry for effective use. As geochemical databases for our aquifers improve, and measurements of isotopic ratios for the soil CO 2 and solid carbonates become available, more precise and accurate age estimation will be possible.
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